and Health Law. In addition to these ventilations, with the revision of the regulation on prevention of organic solvent poisoning (1997) and that of hazardous dust (1998), the push-pull ventilation system was legally adopted as the third official method. The push-pull ventilation system consists of a nozzle (push unit) and an exhaust hood (pull unit for receiving the push jet), which enables the air flow to be uniform over a considerable distance. Revision of the regulation will promote the spread of push-pull ventilation systems in Japanese industry because they are more effective than general ventilation systems and have an advantage over local ventilation systems in being more applicable to large working areas.
In order to secure sufficient performance of industrial ventilation systems, especially in local exhaust ventilation with a large booth-type exhaust hood or in push-pull ventilation, proper velocity and direction of uniform flow are essential. It is known that the positions of the worker and the contaminant source with respect to flow direction are important parameters in determining the breathing zone concentration. When a worker has his back to the air flow, separation of the boundary layer occurs around him and it brings about reverse flow in the worker's immediate downstream area. Due to this reverse flow, contaminant will be transferred into the breathing zone. Foreign researchers have studied this phenomenon by means of statistical analysis 1) , visualization techniques 2) , a tracer gas method 3, 4) and a mathematical model 5) , and significant effects of reverse flow have been found. Furthermore, the details of reverse flow, such as the extent of the reverse flow wake region 6) , effects of worker's arm movement and type of source on the concentration profiles 7) , and the thermal effect of convection caused by worker's body heat 8) , were thoroughly investigated in previous studies, but, the reverse flow or "working position effect 9) " in uniform flow has been scarcely investigated in Japan. In this study the author examined the exposure due to reverse flow experimentally by using a mock-up push-pull ventilation model which met the performance requirements prescribed in the Japanese Conventionally, general and local ventilation systems have been the main engineering methods for work environment improvement in Japanese industry. Both ventilation systems have been approved as official contaminant control methods in Japanese Industrial Safety regulations. Another objective of this study is to develop a prototype of a reverse flow preventing system which generates air blow locally supplied into the area between the contaminant source and the worker's breathing zone, and blocks the reverse flow.
Materials and Methods
The configuration of the push-pull ventilation system is shown in Fig. 1 . The push unit and the pull unit were set opposite each other so as to create horizontal uniform flow between them. The open faces of the push unit and the pull unit were 1 m (W) × 0.5 m (H) and 0.9 m (W) × 1 m (H), respectively, and the distance between these units was 2.5 m. The vertical distance of the center line of the uniform flow was 1.25 m from the floor. Air was supplied from the push unit which was connected to an inverter controlled 3.7 kW turbo fan by a flexible duct (25 cmφ). Air was exhausted through the pull unit which was connected to an inverter controlled 160 kW turbo fan by a flexible exhaust duct (25 cmφ). The flow rates in each duct were adjusted by the inverters and measured by digital mass flow meters installed in both ducts.
As shown in Fig. 1 , an aluminum working table 70 cm (W) × 90 cm (D) × 80 cm (H) in size was placed in the middle of the uniform flow field; exactly midway between the push unit and the pull unit.
The three dimensional dummy worker consisted of a supported torso wearing a nylon working clothes and a welding face shield which was substituted for a human's head. It slouched slightly and was about 1.6 m in height. Figure 2 shows the schematic diagram of the alcohol vapor generation equipment that was substituted for a vaporous contaminant source. Alcohol vapor was generated from liquid ethanol with filtered dilution air at a 20 l/min flow rate. In order to evaporate the liquid ethanol, a 1,000 ml glass bottle which contained the liquid ethanol was placed in a water bath on a thermo magnetic stirrer. The temperature of the water bath was kept at 75°C so as to keep the liquid ethanol temperature at 30-40°C. The speed of rotation of the stirrer was set at 200 x air filter ➁ pump ➂ flow meter { water bath Uniform flow velocity was measured by mean of a hot-wire anemometer. Ethanol concentrations were measured with portable gas monitors of the contactcombustion type (measuring range ≤ 5,000 ppm). The sampling points of the ethanol concentration were x the breathing zone (45 cm above the work table), ➁ directly above the outlet for the ethanol vapor (17 cm above the work table, and 50 cm from the chest of the dummy worker), and ➂-➄ on the top plate of the pull unit. (Fig. 3) The prototype of the reverse flow preventing system invented by the author is shown in Fig. 4 . It is made up of a centrifugal fan (4 m 3 /min, 40 W), transformer, pedal switch and an upright acrylic resin diffuser (slot jet) equipped with a top cover plate. The centrifugal fan is placed under the working table and the pedal switch is placed at worker's feet. The air discharged from the fan is induced into the diffuser through an elbow duct. This diffuser was design to guide the induced air toward the top discharge opening. The open face of the diffuser is 40 cm × 7 cm in size. The direction of the air blow from the opening can be set arbitrarily by adjusting the elevation angle of the top cover plate, and the velocity of the air blow is modified by adjusting the fan rotation rate. In the experiments, the angle of the cover plate was set at 45 degree. The diffuser is positioned between the dummy worker and the working table so as to oppose the air blow to the reverse flow. The opening face of the diffuser was flush with the tabletop. The air blow was generated when the dummy worker depressed the pedal switch to the required position.
In this study the effects of the following variables on concentration profiles were investigated: · worker's position (uniform flow from behind or the side of the dummy worker); · velocity of the uniform flow (0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 m/s); · velocity of the air blow from the reverse flow preventing system (0, 2.0, 2.7 m/s);
Results

Performance requirement for the push-pull ventilation system
In accordance with Japanese regulations, a push-pull ventilation system for contaminant control in industry should meet the following performance requirements. where V Avg is the average velocity on the plane which passes through the contaminant source and perpendicular to the centerline of the uniform flow V Max is the maximum velocity on the plane which passes through the contaminant source and perpendicular to the centerline of the uniform flow V Min is the minimum velocity on the plane which passes through the contaminant source and perpendicular to the centerline of the uniform flow
In order to examine the performance of the constructed push-pull ventilation system, the dummy worker and gas monitors were removed temporarily from the ventilation area and then the velocities of the uniform flow were measured at crosswise equidistantly placed 16 measuring points on the plane which passed through the center of the working table. The results of these measurements were expressed as the velocity ratios. Fig. 5 shows the ratios of V Max /V Avg (q) and V Min /V Avg (v) versus the uniform flow velocities ranging from 0.27 to 1.66 m/s. Table 1 shows the combinations of supply flow rate and exhaust flow rate which form the uniform flow between the push unit and the pull unit. As shown in Fig. 5 , the performance of this push-pull ventilation system sufficiently fulfilled the abovementioned requirements within the velocity range of 0.27 to 1.66 m/s.
Exposure due to reverse flow and effect of the reverse flow preventing system
Prior to measurement of the ethanol concentration, passage of contaminant transportation from the source in the uniform flow and the reverse flow field was visualized by smoke. Fig. 6 (a) shows the movement of smoke with 0.8 m/s uniform flow. Although the dummy worker was positioned in the uniform flow field, it hardly affected the exhaustion as far as orienting at right angle to the uniform flow direction since the smoke moved downstream in basically the same pattern as that from the unobstructed source. Fig. 6 (b) shows the exposure caused by the reverse flow at the front of the dummy worker. In this case, the dummy worker was placed between the contaminant source and the push unit in order to originate the uniform flow of 0.8 m/s from behind the dummy worker. Fig. 7 shows the effect of the reverse flow preventing system which was operated under the same conditions as in Fig. 6 (b) . It was recognized that the reverse flow was blocked and pushed back by the supplied air blow, and contaminant did not reach the dummy worker's breathing zone. Table 2 shows the vaporized ethanol concentrations at the sampling points in several conditions. Each concentration was expressed as an arithmetical mean of more than seven measurements.
When the dummy worker was placed with the uniform flow from the side, ethanol vapor did not reach the breathing zone in any case. But a uniform flow of 0.4 m/ s or less was proved to be insufficient to carry ethanol vapor to the pull unit because leakage of ethanol to the surroundings was found at sampling points ➂-➄.
When the dummy worker was placed with the uniform flow from behind ( Fig. 6 (b) ), the leakage was found in all cases, but the leakage level was not so serious with a uniform flow of ≥ 0.8 m/s. Nevertheless, ethanol vapor reached the breathing zone due to the reverse flow. The maximum concentration (351 ppm) at the breathing zone was observed when the uniform flow was 1.0 m/s. Although the impact of the reverse flow upon exposure seemed to be small when the uniform flow was less than 0.4 m/s, the breathing zone concentration exceeded 100 ppm for a uniform flow of ≥ 0.6 m/s.
Such high concentrations in the breathing zone could be decreased substantially by operating the reverse flow preventing system. As shown in Table 2 , it was recognized that breathing zone concentrations were lower with the system than without it. The concentration decreased to 0-37.6 % when the air blow was 2.0 m/s, and decreased to 0-12.9 % when the air blow was 2.7 m/ s. It was also observed that the increase in the uniform flow velocity lowered the effect of the air blow. Although an air blow of 2.0 m/s was less effective in reducing exposure than one of 2.7 m/s, the leakage caused by an air blow of 2.7 m/s was more noticeable than that caused by a 2.0 m/s air blow.
Discussion and Conclusion
Though the basic phenomenon of reverse flow has been studied by foreign researchers and many details of reverse flow were clarified, measures to prevent reverse flow have scarcely been discussed. In addition, most former researches were carried out with experimental wind tunnels which were not representative of many actual industrial operations. In this study the prototype of a reverse flow preventing system was applied to a mockup push-pull ventilation model in order to duplicate the real-life situation.
In the operation of a push-pull ventilation system complying with Japanese regulations, orientation of the worker in relation to the direction of the uniform flow also is an important factor in determining worker's exposure because blockage of the flow by the worker's body can cause contaminant recirculation into the breathing zone. When the dummy worker was placed perpendicular to the direction of uniform flow, removal of contaminant from the breathing zone was almost ensured by the uniform flow over the examined velocity range. On the other hand, the dummy worker standing with his back to the uniform flow caused reverse flow. Exposure due to the reverse flow could be prevented considerably by the reverse flow preventing system that supplied air blow into the area between the source and the breathing zone. By using this system, unexpected exposure can be avoided and the exposure-free area in the uniform flow field can be extended, which thus increasing worker productivity.
The air blow should suppress contaminant exposure and leakage to permissible levels simultaneously. Although intense air blow is helpful in preventing reverse flow, excess blowing will bring about contaminant leakage and dispersion. To reduce this leakage, improvement of exhaust efficiency in the pull unit is thought to be beneficial, for example by installing a flange which provides a barrier to unwanted air flow behind the pull unit. In practice, flanging can extend the velocity contours of the suction hood forward, and will ensure that contaminants are captured. In this study an unheated torso was substituted for an actual worker, so the thermal effect of metabolic heat around a human body was not considered. Although free convection caused by a worker's body has a strong influence on an indoor environment 10) and can cause transport of contaminant into a worker's breathing zone 8) , the reverse flow due to the blockage effect in a push-pull ventilation system is thought to be dominant in contaminant exposure because thermal effects may act as a transport medium only when the worker stands in a relatively low-speed flow field. Commonly in Japan, push-pull ventilation is performed with a uniform flow velocity of 0.7-1.0 m/s, whereas obvious thermal effects were ascertained in a flow field of 0.2-0.5 m/s in earlier studies 8, 11) . Another study 7) showed that when air velocity was about 0.3 m/s, the effect of convection caused by body heat on exposure was lower than expected. In this case, a small gap between the worker and the working table was thought to enable uncontaminated air to rise and dilute the breathing zone.
As shown in Fig. 2 , the contaminant source in this study was assumed to be a passive point source, whereas another type of source may have a different effect on exposure profiles. Indeed, the push-pull ventilation system is commonly applied to paint spray operations or welding operations in which the contaminant sources are line or plain type. In Welling et al. 7) the effect of the source type on the contaminant concentration was investigated. Their results showed only slightly higher concentrations with a line source than with a point source, but the difference was not statistically significant. Further investigation should consider the effect of the source type (plain source) on the contaminant concentration in uniform flow.
In practice, clogging of the pull unit by particle contaminants often causes counter results in ventilation. It lowers the exhaust flow rate significantly, which will lead to the dispersion of contaminants by push jet. This should be watched for in actual use of a push-pull ventilation system.
